The present research investigates the effect of the location and the width of single shallow circumferential groove casing treatment on the flow field and the stability improvement of NASA Rotor 37 utilizing the help of computational fluid dynamics. At first, steady state simulation of Rotor37 was presented for smooth casing (without groove). Then, forty five various grooved casing were simulated and compared with the smooth casing. The results indicated that narrow grooves had slight effect on the adiabatic efficiency but as the width of the groove was increased, a decline in efficiency was observed. The investigation on the stall margin revealed that narrow grooves next to the leading edge could improve the stall margin by a reduction in the size of vortex breakdown zone. Medium-width grooves displayed an effective role in delaying the separation-produced by shock wave and boundary layer interaction-on the blade suction side near the casing. This type of grooves could improve the stall margin more than narrow grooves when located on the top of separation zone near the blade suction side. Wide grooves had negative effect on the stall margin and caused a significant drop in the efficiency and the total pressure ratio of the compressor.
INTRODUCTION
In a gas turbine engine, the stable operation of the compressor has vital effect on the stable operating range of the whole engine. Casing treatment (CT) is a well-known passive control method that could be implied to improve the stable operating range of the axial-flow compressors and fans.
Various configurations such as porous casing, axial slot and circumferential groove have been studied by experimental and numerical methods since early 1960. Moore et al. (1971) examined some casing treatment configurations and found that the circumferential groove could improve the stall margin and the peak efficiency of an axial-flow compressor rotor. Greitzer et al. (1979) supposed the hypothesis that the casing treatment is effective only in a situation in which a wall stall exists. Crook et al. (1993) numerically explored the effect of the grooved casing in suppressing the stall and identified two principal effects: suction of the high blockage fluid at the rear of the passage and energizing of the tip leakage flow. Some researchers (Puterbaugh et al. 1997; Furukawa et al. 1998) indicated that the tip leakage flow and its interaction with passage shock wave, has an important role in the transonic compressor aerodynamics. Furakawa et al. (2000) showed that the tip leakage vortex breakdown could be one the sources of unsteadiness in the compressor. Wilke and Kau (2002) through a numerical study showed that the tip leakage vortex breakdown lead the compressor to stall and the casing treatments has ability to delay the vortex breakdown and move the surge line to the lower mass flows. Ito et al. (2008) concluded from numerical simulations that circumferentially contouring endwall above the blade leading edge had the significant stall margin improvement by weakening the rotating instability vortex. Vo et al. (2008) based on unsteady simulation proposed that the leading edge spillage and the trailing edge back flow are two conditions necessary for triggering the spike type stall, both of which are linked to the tip leakage vortex. showed that the spike instabilities occur when the trajectory of the tip clearance flow becomes perpendicular to the axial direction. Legras et al. (2010) studied on the effect of circumferential grooves on the tip leakage flow and its resulting vortical flow structures. They observed that the grooves could change the trajectory of tip leakage vortex and in addition generate a set of secondary tip leakage vortices. Shabbir and Adamczyk (2005) analyzed the balance of the axial momentum near a grooved casing to explain the effective mechanism of circumferential groove. They found that the radial transport of the axial momentum imparted by the groove could reduce the growth rate of blockage and accordingly increase the stall margin. Chen et al. (2014) verified the ability of unmatched grid approaches in simulation of the casing treatment and showed that circumferential grooves could reduce the backward axial momentum flux in the gap flow and accordingly extend the stall margin of the compressor. Legras et al. (2012) presented a generalized method of Shabbir's approach to reveal the flow mechanisms induced by any CT geometry. Their results indicate that the axisymmetric CT is characterized by its bleeding effect and the slot-type CT is characterized by both a bleeding effect at the rear-part and the blowing effect at the front-part of the compressor. Kroeckel et al. (2011) carried out an experimental investigation on the application of a multistage CT in a 2.5 stage axial compressor and confirmed that multistage CT is able to push the surge line towards higher pressure ratios and lower mass flow rates significantly with negligible decline in the peak efficiency. Ramzi and AbdErrahmane (2013) simulated a slotted cascade and showed its ability to reduce the secondary flow structures and eliminate the boundary layer separation at midspan and the corner stall. Taghavi and Eslami (2013) used the large eddy simulation and showed that the casing treatment reduces the amplitude of the unsteadiness of the tip leakage flow and gets its frequency closer to the blade passing frequency that lead to reduction of blockage and losses as a result. Kim et al. (2012 conducted a multi-objective optimization based on the steady flow analysis to reach the best configuration of the five circumferential grooves. Also they studied the effect of number and shape of circumferential groove in other papers. Sakuma et al. (2014) numerically studied the effect of varying the axial location and the depth of a single circumferential groove on the stability improvement of NASA Rotor 37. They explained higher potential of deeper grooves in the stability enhancement, and the best position for the groove to be located was pointed out to exist near the blade leading edge.
This paper aims to understand the effect of a single shallow circumferential groove CT on the stability enhancement and the flow structure in the tip region of a well-known axial transonic compressor, NASA Rotor 37. The depth of groove was chosen a value smaller than the selected value by some researchers (Kim et al. 2013, Sakuma et al. 2014 and etc.) . A parametric study was conducted on the width and the axial location of the groove. Steady state simulations of the compressor with various grooves were done and the results were compared with the simulation of compressor without groove. To evaluate the effect of the groove on the near-tip flow structure, smooth wall condition and some cases with maximum stall margin improvement were discussed by details.
TRANSONIC COMPRESSOR ROTOR
As previously mentioned, NASA Rotor 37, has been used in the present study. The rotor was designed and tested by NASA Lewis Research Center in the late 1970's. The specification of the rotor has been summarized in the Table 1 (Dunham 1998) . At the design point, the total pressure ratio is 2.106 and the mass flow is 20.19 kg/s. The choking mass flow is 20.93 kg/s, and the near-stall point is 0.925 of the choked flow. At the design speed of 17,188.7 rpm, the inlet relative Mach number at the hub and the tip is 1.13 and 1.48 respectively. The measured tip clearance is 0.356 mm at the design speed. The overall performance and radial distributions of total pressure and total temperature were obtained at station 1 and station 4 ( Fig. 1 ) and were used for the validation of numerical simulation. 
GEOMETRY OF CIRCUMFERENTIAL GROOVES
In the present research, a parametric study was conducted on the width and the axial location of a single circumferential groove. Some researchers studied the effect of circumferential grooves with depth of 12 times the rotor tip clearance on the performance of rotor 37 (Kim et al. 2012 Huang et al. 2008) . Since deeper groove needs thicker casing that could impose additional weight on the engine and this is not suitable in aviation applications, therefor in this study the groove was considered to be shallow and the depth was fixed to 3 times the rotor tip clearance. The schematic of the groove has been shown in Fig. 2 . It has been considered that the groove must be located on the top of the blade between the leading edge and the trailing edge. Also the upper limit of axial location of the groove depends on the width of the groove. The axial location and the width of the groove were normalized by the tip axial chord of the rotor. The value of nondimensional axial location and non-dimensional width of the groove have been presented in Table 2 . According to the Table 2 , forty five various configurations were created. Each configuration was distinguished by the combination of two numbers, which specified as "a" and "w". For example, a groove with a=30 and w=5 was named "Config-a30-w5".
NUMERICAL ANALYSIS METHOD

Numerical Scheme
Steady Reynolds-averaged Navier-Stokes (RANS) equations were solved using a commercial threedimensional solver package. The two-equation k-ω shear stress transport (SST) turbulence model was utilized to produce accurate results for the flow near the wall. This model combines the − model near the wall and the − model away from the wall. In combination with the SST model, an automatic wall treatment was used which gradually switches from a classical low-Reynolds formulation on fine grids to a logarithmic-wall function on coarse grids (Menter et al. 2003; Menter 2009 ). This automatic switch of the wall function reduces the stringent grid resolution required for standard low-Reynolds turbulence models. Solid boundaries representing the moving and the stationary walls were considered to be smooth and adiabatic. The periodic boundary condition was used to simulate only single blade domain. The general grid interface (GGI) method was applied for unmatched interface between the passage domain and the circumferential groove. At the inlet boundary, the total pressure, the total temperature, and the flow angle were imposed. The mass flow rate of compressor was calculated explicitly by setting the hub static pressure at outlet and using radial equilibrium to compute spanwise distribution of the static pressure.
To calculate near-choke condition, a relatively low value for the exit static pressure was selected. Other points of the characteristic map obtained through increase in the outlet static pressure. The stalling point of the compressor was found by examining the iteration history of the computations. The lowest possible mass flow rate condition that was found to converge to a stable solution was determined to be the near-stall point. After the near-stall point, a continual drop in the mass flow rate and the total pressure ratio occurs with increasing iteration count that is known as numerical stall (Ito et al. 2008) . To predict the near-stall point accurately, the increment of the outlet static pressure near the stall was selected 150 Pascal. The near-stall point and numerical stall point of smooth wall condition obtained through imposing the outlet static pressure on 122.45 and 122.6 kPa respectively. This technique of finding the stalling mass flow rate using RANS solutions has been used by many researchers (such as Ito et al. 2008; Sakuma et al. 2014) . However, the limitation of this method was noted that the stall is not properly modeled using RANS solutions because of its inherently unsteady phenomenon.
Computational Grid
In order to study the effect of grid size on the simulation, three structured mesh were created in the rotor passage domain with the O-grid topology near the blade surface and the H/J/C/L topology in the other regions. As shown in Fig. 3 , the values of the total pressure ratio, the adiabatic efficiency of the compressor and normalized mass flow rate of nearstall point have only slight changes with the variation of grid size from 471154 to 934448 nodes. Thus, the grid of 471154 nodes was selected to do this study. The computational domain of the compressor passage has 99 axial, 59 tangential and 79 radial points. The tip clearance has 15 nodes in radial direction to simulate the tip leakage flow. The minimum wall distance was set to 4 × 10 (m) which gave < 5 at solid walls. The value of on the 4 critical surfaces was summarized in the Table 3 for the three different grid sizes. Also a structured mesh with about 120000 nodes was created in the groove domain with 61 tangential, 21 radial and average 93 axial points. The whole computational grid has been shown in Fig. 4 . 
Validation
In order to verify numerical simulations, the results of the simulation of smooth wall condition were validated against the experimental data of NASA rotor 37 (Dunham 1998) . Numerical spanwise distribution of the total pressure ratio and the total temperature ratio at station 4 ( Fig. 1) were compared with the experimental one (Fig. 5 ) at near peak efficiency condition (98% of choke mass flow rate). It can be seen that there is a good agreement between the numerical and the experimental data. Since the cavity between the rotating rotor hub and the fixed hub was not simulated, the total pressure ratio and the total temperature ratio near the hub are greater than experimental values. Similar results have been reported by others (Dunham 1998) . The predicted near-stall point determined by simulation is 0.913 of the choked flow which is 0.012 smaller than the measured value but on the whole, the numerical method could predict the flow with sufficient reliability.
RESULTS AND DISCUSSION
Effect of Groove on Stall Margin and Peak Efficiency
The stall margin of an axial-flow compressor is defined as follow ):
According to the Eq. 1, the stall margin of the compressor with smooth wall condition was calculated 13.51%. To demonstrate the effects of the groove on the stall margin and the peak efficiency, their variation were evaluated as below:
Figure7 shows the effect of the groove on the stall margin improvement for various configurations. As shown in Fig. 7 , for all values of the groove width, stall margin decreased when the groove was located exactly on the top of the blade leading edge (a=0%). Narrow grooves (w=5%, 10%) had maximum stall margin improvement when were placed next to the blade leading edge (a=10%). At this condition, the leading edge of the groove is located before the position of the interaction between the shock wave and the tip leakage vortex. As described on the next sub-section, these grooves could reduce the size of blockage produced by the vortex breakdown.
Also according to the simulation results in the nearstall point, the shock wave interacts with the blade suction side boundary layer and leads it to separate at about 30% of the axial chord. This position seems to be important in Fig. 7 . The grooves with w=20%, could increase the stall margin at all locations except the leading edge and reached into maximum when a=30%. Also mid-width grooves (w=40%, 60%) over the aft-part of the blade ( < 30 % ), had negative effect on the stability but by shifting the groove toward the mid-part of blade ( ≥ 30 %), good stability enhanced so that the maximum stall margin obtained by Config-a40w40. This type of behavior refers to the effect of the groove on the blade suction side separation described on the next sub-section. Figure 8 shows the effect of the groove on the peak efficiency of the compressor for various configurations. It is seen that narrow grooves had slight effect on the peak efficiency. However the peak efficiency decreased according to the increase of the groove width. Any groove located on the top of the blade leading edge (a=0%), reduced the peak efficiency of compressor. 
Effect of the Groove on the Flow Field
In this part of the paper, the effect of the groove on the flow field of compressor has been described for some configurations to demonstrate how a CT could improve the compressor stability. For any individual groove width, only one groove was selected on the basis of maximum stall margin improvement. Therefore according to Fig.7 , five configurations were selected as follows: Config-a10w5, Configa10w10, Config-a30w20, Config-a40w40 and Config-a40w60. The comparisons between the grooved wall and the smooth wall condition were done at the near-stall point of the smooth wall condition (mass flow rate of 19.15 kg/s). Figure 9 shows the relative Mach contours at the 98% span. In a transonic compressor, when the mass flow rate reduces, the intensity of the interaction between the shock wave and the tip leakage vortex increases, so the vortex core expands through passing the shock wave and generates a vortex breakdown zone. This blockage region leads the compressor toward the stall as reported by other researchers (Wilke and Kau 2004; Sakuma et al. 2014) . It has been shown in Fig.9 that narrow grooves have the ability to reduce the size of vortex breakdown zone. Also Fig. 9 shows that mediumwidth grooves have another mechanism to delay the stall. These grooves have ability to weaken the interaction between the shock wave and the boundary layer and so reduce the size of separation zone on the suction side of the blade. However it seems that, not only vortex breakdown but also blade suction side separation at the tip region has important effect on the stall of the compressor. Figure 10 compares the static pressure distributions on the blade pressure and suction sides at 98% span for the smooth wall and some grooved wall configurations. The gray zones in the figure show the location of the groove. All grooves have reduced the blade loading at its own location, in the other hand, the static pressure difference between the pressure side and the suction side of the blade has decreased locally at the groove location. This local reduction of the blade loading could affect the tip leakage flow. At the suction side of the blade, the static pressure has been increased suddenly by shock wave. Also Fig.  10 shows that some grooves have shifted the shock wave toward downstream. As the shock wave moves downstream, the interaction between the shock wave and the blade boundary layer takes place later and accordingly a delayed separation on the blade suction side occurs. Therefore the size of the blockage near the blade trailing edge reduces. The delayed separation near the blade tip has been shown by black circles in Fig. 11 . Figure 12 shows the effect of some selected grooves on the characteristic map of the compressor. The important result of this figure is that wider grooves reduce the total pressure ratio and the adiabatic efficiency of compressor through the whole speedline and narrow grooves don't have sensible effect on it regardless of their positive effect on the stall mass flow rate. All of these selected grooves have negligible effect on the choke flow rate but could move the stall point to the lower mass flow rates relative to the smooth wall condition. 
Effect of the Groove on the Compressor Characteristic Map
Negative Effect of Some Grooves
As it was mentioned before, the stall margin and the peak efficiency of the compressor reduced when a groove was located exactly at the axial location of the blade leading edge (a=0%). Fig. 13 shows the characteristic map of the compressor for this type of grooves. Figure 13 shows the slight changes of the choke mass flow rate utilizing these grooves. Also according to Fig. 13 , the groove which whose width is equal or smaller than 20% of the tip axial chord, only reduces the stall margin and its effect on the total pressure ratio and the efficiency is small. But the groove which whose width is greater than 20%, not only reduces the stall margin, but also reduces the total pressure ratio and the efficiency of the compressor significantly so that the maximum decline occurs using Config-a0w100. Effect of this configuration on the compressor behavior is similar to the effect of increased tip gap size on the behavior of Rotor 37 that was investigated by Beheshti et al. (2004) . They demonstrated that large tip gap has detrimental effects on the pressure rise, stability, and efficiency of the compressor. Figure 14 shows relative Mach contours at span 98% at the near-stall point of Config-a0w100 (19.7 kg/s).
It reveals that a large blockage region has happened near the tip region. This blockage is created by increased tip leakage flow and has some effects on the flow such as: suppress the energy transport from the blade to the fluid, increase the inlet flow angle and increase the loss of the secondary flows. Also the blockage leads the compressor to go ahead the stall at higher mass flow rate.
CONCLUSION
Steady RANS simulations were conducted to study the effect of single shallow circumferential casing treatment on the flow field and the stability of NASA Rotor 37. The conclusions are summarized below:
1. Any groove, whose leading edge had the same axial location of the blade leading edge, causes negative effects on the compressor characteristics, for instance, the peak efficiency and the stall margin.
2. Some narrow grooves had slight effect on the peak efficiency of the compressor especially when located on the top of the blade mid-part.
As the width of the groove was increased, the peak efficiency of compressor decreased, that is, the wider the groove, the lower the efficiency and the total pressure ratio occurs in the whole speed line.
3. It was found that not only the vortex breakdown but also the blade suction side separation at the tip region has important effect on the compressor stall.
4. It was observed that when the narrow groove was located before the interaction position between the shock wave and the tip leakage vortex, the size of blockage produced by vortex breakdown decreased and accordingly the stall occurred at the lower mass flow rate.
5. Also it was noted that when medium-width grooves were located above the interaction position between the shock wave and the blade boundary layer, the size of blockage produced by the separation on the blade suction side decreased and accordingly the stall occurred at the lower mass flow rate.
6. Finally, single shallow circumferential groove displayed the desirable capacity to improve the stability of the compressor. It should be pointed out that, to a large extent, the width determines where the groove should be located.
